Platelet-activating factor (PAF) can exert profound inflammatory
Introduction
Platelet-activating factor ( 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine; PAF)' is a phospholipid synthesized by leu-Receivedforpublication 19April 1993 and in revisedform 22Febru-ary 1994.
1. Abbreviations used in this paper: DHF, dihydroxyfumaric acid; DMTU, dimethylthiourea; PAF, platelet-activating factor.
kocytes, endothelial cells, platelets, and other cell types. PAF was first described as a factor produced by activated basophils capable of inducing aggregation and degranulation of platelets (1) (2) (3) , hence its name. Since then, several other important biological activities have been reported, including activation of neutrophils and monocytes (4, 5) , marked vascular and bronchial effects (5) (6) (7) , and depression of cardiac contractility (8, 9) . As a consequence, PAF has been implicated in the pathophysiology of various diseases, such as asthma, endotoxic shock, and ischemia/reperfusion injury (5, (10) (11) (12) (13) .
The actions of PAF can be observed at very low concentrations, i.e., 10-M or lower (5, 10, 14) . Therefore, the amount ofPAF present in biological fluids needs to be tightly regulated. A major mechanism is through enzymatic conversion to inactive compounds. Human plasma contains an enzyme, PAF acetylhydrolase ( l-alkyl-2-acetyl-sn-glycero-3-phosphocholine acetohydrolase, EC 3.1. 1.47) , that specifically removes the acetyl group at the sn-2 position of PAF, converting it to lyso-PAF ( [15] [16] [17] [18] . Plasma ( 19, 20) or during inflammatory reactions by leukocytes and resident cells that have become activated (21, 22) . Several studies have suggested that oxygen radicals and PAF may cooperatively mediate vascular injury in intestinal ischemia and reperfusion (23, 24) and bronchial hyperresponsiveness in asthma (25) (26) (27) , and it has been proposed that a similar phenomenon may also be involved in other types of inflammatory injury. However, possible mechanisms of the interaction between PAF and oxygen radicals have not been investigated.
Oxygen free radicals are very reactive chemical species. Once formed, they may rapidly interact with other molecules to induce a number of alterations, including modifications of proteins and enzyme inactivation (28) (29) (30) (31) . If (32) , followed by overnight dialysis at4VC against buffer containing 50 mM potassium phosphate, 150 mM NaCl, and1 mM EDTA, pH 7.4 . LDL were stored under nitrogen at4VC until use (within 2 wk). Before assay, LDL were concentrated to -1.8 mg/ml by centrifugation in CentriconO tubes and checked to confirm purity and to rule out spontaneous autoxidation. LDL always consisted of a single band when analyzed by acrylamide gel electrophoresis and by agarose gel electrophoresis (33, 34) . Presence of lipid peroxidation products was determined as described previously (35) and found to be always < 2.0 nmol of thiobarbiturate-reactive material/mg of protein.
Protein content was measured by the Lowry assay (36), using BSA as a standard.
Oxygen radical generation. In most experiments, oxygen radicals were generated in the reaction of xanthine with xanthine oxidase. 30 ,g of LDL (in 1 ml) was used in all experiments. Xanthine was added at a final concentration of 200 MM, unless specified otherwise. The reaction was started by addition of appropriate amounts (typically, 100 mU/ ml) of xanthine oxidase (salicylate-free, from bovine milk; sp act 1 U/mg protein) (Boehringer Mannheim GmbH, Mannheim, Germany) and was allowed to proceed at 37°C for variable amounts of time. The xanthine/xanthine oxidase reaction yields both superoxide radicals and hydrogen peroxide (37, 38) , which in turn may give rise to hydroxyl radicals in the presence of trace amounts of iron or other transition metals (39) . Therefore, the relative role of each oxidant species on PAF acetylhydrolase activity was dissociated by performing parallel experiments in which LDL were incubated with xanthine/ xanthine oxidase in the presence of one of the following agents: the superoxide radical scavenger SOD (Cu-Zn form, from bovine erythrocytes; sp act 3,570 U/mg of protein); the hydrogen peroxide scavenger catalase (from bovine liver, sp act 40,000 U/mg of protein); the hydroxyl radical scavenger dimethylthiourea (DMTU, 10 mM); or the iron chelator deferoxamine (100 MM). Superoxide radical production by the xanthine/xanthine oxidase system was measured by the rate of SOD-inhibitable reduction of cytochrome c (1.2 mM) at 550 nm, at 37°C, in a double-beam spectrophotometer equipped with a stripchart recorder (UVIKON 810; Kontron Instruments, Zurich, Switzerland) (37) .
Acetylhydrolase assay. Acetylhydrolase activity was assayed as described previously (40) , with slight modifications. Samples were incubated with [3H]PAF (5 nmol/0.5 ml, unless otherwise indicated) complexed with essentially fatty acid-free HSA (0.1 mg/ml) for 15 min at 37°C. The reaction was stopped by addition of 3 vol of methanol/ chloroform (2:1, vol /vol). The lipid fraction was extracted by a modification ofthe method ofBligh and Dyer (41 ) , in which sufficient formic acid was added to lower the pH of the aqueous layer to 3. Unlabeled PAF (10 Mg/tube) was added immediately before the lipid extraction to increase the recovery of radioactivity. Solvents were removed by a stream of nitrogen, and the lipids were resuspended in chloroform/ methanol ( 1:1, vol/vol). Recovery of added radioactivity always exceeded 85%. The radioactive compounds recovered from the extraction were then separated by TLC on layers of Silica Gel G developed in chloroform/methanol/acetic acid/water (50:25:8:3; vol/vol), as described previously (42) . Standards of PAF and lyso-PAF were visualized with iodine vapors, and the distribution of label in different products was determined by scanning the plate for radioactivity using an imaging scanner (System 2000; Bioscan, Washington, DC (Fig. 1 ).
To test whether xanthine oxidase-induced inactivation was specifically due to oxygen radicals, PAF acetylhydrolase activity was also determined on LDL that had been exposed to the oxygen radical-generating system in the presence of the superoxide radical scavenger SOD and/or the hydrogen peroxide scavenger catalase. In the absence of xanthine oxidase, neither SOD nor catalase affected PAF acetyihydrolase activity (data not shown). Addition of both SOD and catalase completely prevented xanthine oxidase-induced inactivation of PAF acetylhydrolase ( Fig. 1) . Similar results were obtained when SOD alone was present, whereas catalase alone was without effect ( 200MgM) plus xanthine oxidase (XO; 100 mU/ml) for 18 h at 370C.
In parallel experiments, oxygen radicals were inactivated by the specific scavenger enzymes SOD (330 U/ml) and catalase (CA T; 1,000 U/ml). Data are the mean ± SE of six experiments. *Significantly different from controls; P < 0.05.
[3H] PAF to [3H]lyso-PAF over 15 min was reduced from 55.0±2.6% under control conditions to 6.7±1.7% in the presence of DHF (n = 4). Also in this case, enzyme inactivation was prevented by SOD ( 1,000 U/ml), as conversion averaged 52.4±3.7%. Similar results were obtained when LDL were exposed to 10 MM CuSO4 (1 h at 370C) (data not shown). The similarity of the effects with three unrelated systems, and their prevention by SOD, rules out that loss ofenzyme activity could have been due to accumulation ofuric acid (formed from xanthine oxidation), to possible changes in the pH of the reaction mixture, or to other nonspecific effects of the systems used to generate oxygen radicals.
To further characterize the oxidant species responsible for inactivation of PAF acetylhydrolase, in additional experiments LDL was exposed to xanthine/xanthine oxidase in the presence of either the hydroxyl radical scavenger DMTU (10 mM), or the iron chelator deferoxamine (100 MM) ( Loss ofPAF acetylhydrolase activity was similarly observed when whole human plasma was exposed to oxygen radicals. Under the conditions ofthe assay, 10 MAl ofcontrol plasma from normal donors converted 39.9±5.8% of PAF to lyso-PAF over 15 min (n = 4). However, PAF acetylhydrolase activity was reduced to 11.3±3.4% when PAF was incubated with an identical amount ofplasma that had been previously exposed to xanthine/xanthine oxidase (200 MM and 100 mU/ml, respectively; n = 4). This finding indicates that oxygen radical-induced inactivation of PAF acetylhydrolase was not linked to possible alterations the enzyme may have undergone during the process ofpurification, nor to the removal ofother proteins and/or components normally present in plasma.
Time course ofPAFacetylhydrolase inactivation by oxygen radicals. In the absence of oxygen radicals, LDL-associated PAF acetylhydrolase did not show loss of activity when incubated at 37°C for 3 h, and only a modest decrease (< 20%) was observed when incubation was prolonged up to 18 h, consistent with previous observations ( 16, 45 ) . In contrast, exposure to oxygen radicals rapidly inactivated the enzyme. PAF acetylhydrolase had already lost > 50% of its activity after 60 s ofincubation with xanthine/xanthine oxidase (Fig. 2) . Inactivation then continued at a slower rate and was virtually complete between 10 and 15 min (Fig. 2) . These findings are consistent with the time course of oxygen radical generation by this system (see below). Inactivation by oxygen radicals of LDL-associated PAF acetylhydrolase was apparently an irreversible phenomenon, since in additional experiments no recovery ofactivity of oxygen radical-treated acetylhydrolase was observed during 18 netics, the velocity ofPAF conversion to lyso-PAF by acetylhydrolase increased sharply when the concentration of substrate in the reaction mixture was increased under nonsaturating conditions (i.e., in the 10-'-10-5 M range). The increase in velocity showed the expected attenuation as substrate concentration approached saturation ( 10-4-10-3 M) (Fig. 3) . From the concentration/velocity relationship ofthe reaction, the apparent Km of acetylhydrolase was calculated. Under control conditions, Km was 17.9 uM, consistent with previous reports ( 18) (Fig. 4, top) . In the case of PAF acetyihydrolase exposed to oxygen radicals, a rightward shift ofthe concentration/velocity curve (and the consequent increase in Km) would indicate reduction in enzyme affinity, whereas a downward shift would be consistent with decreased number of active enzyme molecules, with no changes in affinity. When acetylhydrolase that had been exposed to oxygen radicals was analyzed, the amount of PAF converted to lyso-PAF increased progressively with increasing concentration of the substrate. The relationship closely paralleled that obtained with the control enzyme, but on a much smaller scale (Fig. 3) , and the apparent Km remained unchanged ( 1 5.1 MM) (Fig. 4, bottom) . Thus, loss of enzyme activity upon exposure to oxygen radicals was confirmed across a broad range (i.e., 1,000-fold) of substrate concentrations. The downward shift of the curve with no increase in Km denotes that this phenomenon most likely was due to enzyme inactivation, rather than to a decrease in affinity.
We also evaluated whether loss of activity in acetylhydrolase exposed to oxidants could still be [PAFI (pM) tylhydrolase that had been inactivated by prior exposure to oxygen radicals. Consistent with previous reports ( 16, 45) , 3 h ofincubation with a large excess of DTT (i.e., 10 mM) at 370C did not affect PAF acetylhydrolase activity of control LDL. In parallel experiments, PAF acetylhydrolase activity was first inhibited (to 21% of controls) by exposing LDL to xanthine/ xanthine oxidase (200 ,M and 100 mU/ml, respectively, for 3 h at 370C; n = 4). Then, aliquots were incubated for an additional 3 h with 10 mM DTT at 37°C. DTT failed to restore PAF acetylhydrolase activity, which remained at 23% of controls (n = 4). To evaluate whether the presence ofsubstrate could protect acetylhydrolase from inactivation by oxygen radicals, in additional experiments LDL were exposed to the xanthine/xanthine oxidase system in the presence ofa large amount of unlabeled PAF ( l0-5 M). Incubation with xanthine/xanthine oxidase abolished PAF acetylhydrolase activity, both under standard conditions (to 2% of control; n = 4), as well as when PAF was present before and during oxygen radical generation (to 3%; n = 4). Lack of a protective effect from the substrate suggests that the inhibitory effects of oxygen radicals were not secondary to modification ofthe enzyme at (or near) the active site.
LDL may undergo major modifications when exposed to oxidants, characterized by fragmentation of apoprotein, markedly increased electrophoretic mobility, and extensive peroxidation of lipid moiety (33, 34, (46) (47) (48) . Therefore, specific experiments were performed to investigate whether loss of PAF acetylhydrolase activity was secondary to oxidative modifications of LDL. Exposure to xanthine/xanthine oxidase for 30 min did not induce aggregation or fragmentation of apoprotein, as judged from polyacrylamide gel electrophoresis under denaturating conditions (Fig. 5, left panel) . Similarly, electrophoretic mobility on agarose gel was minimally or not increased in LDL exposed to oxygen radicals under our experimental conditions (Fig. 5, right thine oxidase 100 mU/ml: this was the concentration also used in the experiments reported above and generated a total amount of superoxide radicals of 50 nmol, which peaked at -20 nmol/min per ml within 60 s and rapidly declined within 5 min; (b) xanthine 200 ,uM, xanthine oxidase 50 mU /ml: with these concentrations, peak superoxide radical production was -10 nmol/min per ml, and total production was about two thirds of a; (c) xanthine 20 ,M, xanthine oxidase 50 mU: this system also yielded a lower peak concentration as compared with a for a shorter duration oftime and with a further decrease of total production (about one half of a).
When tested on LDL-associated PAF acetylhydrolase, the three oxygen radical-generating systems affected enzyme activity in a dose-dependent fashion (Fig. 7, right panel) . As cantly in LDL that had been exposed to a 30% lower concentration of superoxide radicals. A trend toward enzyme inactivation was also observed when LDL were incubated with the lowest concentration of radicals, although this difference did not reach statistical significance. 
Discussion
In this study, exposure of whole human plasma or purified LDL to a source of oxygen radicals resulted in marked loss of PAF acetylhydrolase activity. This phenomenon was rapid and (29) , glutathione peroxidase (30) , and cyclooxygenase (31) . While the precise requisites which favor protein modification by oxygen radicals are only partially clarified, amino acids with double bonds or free -SH groups are candidates for oxygen radical attack (28). It has been proposed that inactivation by oxygen radicals might represent one mechanism regulating the activity of several enzyme systems. Cyclooxygenase, the key enzyme of prostaglandin metabolism, is perhaps the best known example of this phenomenon. This enzyme catalyzes two different reactions: oxygenation of arachidonic acid to PGG2 and the subsequent conversion ofPGG2 to PGH2. This latter reaction is accompanied by formation of oxygen radicals, which in turn irreversibly inactivate cyclooxygenase (31, 49) . It is currently believed that this "suicidal" inactivation is in fact a major mechanism controlling prostanoid production in vivo (50) .
In the present study, inactivation of PAF acetylhydrolase was achieved upon exposure of the enzyme to xanthine/ xanthine oxidase or to DHF. The results of the various experiments performed with different anti-free radical agents show that inactivation of PAF acetylhydrolase could be prevented completely by SOD, by the hydroxyl radical scavenger DMTU, or by the iron chelator deferoxamine. These results are consistent with the known mechanism of hydroxyl radical formation by superoxide radicals, in an iron-catalyzed reaction (39) . Metal-catalyzed formation of hydroxyl radicals has been shown to account for selective, "site-specific" inactivation of several enzymes (28). Thus, our data indicate that hydroxyl radical is the oxidant species ultimately responsible for PAF acetylhydrolase inactivation and that the phenomenon can be blocked by a hydroxyl radical scavenger. However, they also show that a similar protective effect can be achieved if one prevents hydroxyl radicals from being formed, by removing the initial trigger of the reaction (i.e., superoxide radical) or the catalyst (i.e., iron). Superoxide-driven hydroxyl radical formation also requires peroxides. We found that catalase, a scavenger of hydrogen peroxide, was ineffective in preventing xanthine oxidase-induced inactivation of acetylhydrolase. One possible explanation for this failure is that, because of its relatively high K., catalase did not reduce H202 concentrations to a low enough level to block formation of hydroxyl radicals. Alternatively, it may be speculated that the reaction might have still occurred even in the absence of hydrogen peroxide, supported by lipid peroxides that we and others found in control LDL, presumably as a consequence of some degree of spontaneous oxidation occurring in vivo and/or during the isolation procedures (Fig. 6 ) (34, 46, 47) .
In spite of the importance of acetylhydrolase in regulating PAF concentrations, little is known with regard to the effects of pathophysiologically relevant conditions on the activity of this enzyme. Earlier studies only measured changes in acetylhydrolase levels of plasma in experimental models of hypertension (52) or pregnancy (53) , or in patients with asthma (54) . No previous study has investigated the effects ofan intervention on the activity of PAF acetylhydrolase, with the exception of a recent report by Miyaura et al. (45) , who showed that acetylhydrolase activity of whole plasma was inhibited by a cigarette smoke extract. However, that study differs from ours in several important aspects, since it was not performed on purified LDL and the factor(s) responsible for enzyme inhibition were not identified. Furthermore, acetylhydrolase inhibition by smoke extract occurred over several hours, and oxygen radicals were apparently not involved in the phenomenon. Indirect support to our results may derive from earlier reports by other investigators, who observed that LDL-associated acetylhydrolase activity was labile under oxidant conditions (55, 56). However, in those experiments the phenomenon was induced by other oxidant systems, and it was much less pronounced than in our study (56) or it was not characterized (55) . Thus, the present study is the first direct demonstration that important mediators of tissue injury, such as superoxide and hydroxyl radicals, can importantly affect the activity of the enzyme responsible for the metabolism of the proinflammatory mediator PAF.
Our findings are limited to observations obtained in vitro. However, it is conceivable that inactivation of PAF acetylhydrolase by oxygen radicals may also occur in vivo. This speculation is based on the following considerations. First, we show that the phenomenon is not restricted to purified LDL but can be similarly observed when whole plasma is exposed to radicals, thus indicating that inactivation can still occur in spite of possible endogenous antioxidants present in plasma. Second, the rate ofsuperoxide radical generation to which acetylhydrolase has been exposed in our study ( 10-20 nmol/min per ml) is within the range that can be encountered in vivo. Unstimulated neutrophils produce about 1 nmol ofsuperoxide/min per million cells and respond to stimulation with a 10-20-fold increase that lasts several minutes ( 57, 58 ) . Furthermore, oxygen radical concentration at the site of inflammation can be much higher, for the combined effects of neutrophil accumulation and activation. Oxygen radicals can also be formed by other mechanisms, including mitochondrial respiration (59) and activation of resident cells (22, 60, 61 ) , which may also be operative under conditions oftissue injury and which may add to the total radical production. Finally, direct electron paramagnetic resonance experiments have measured concentrations of oxygen radicals averaging [8] [9] [10] gM during reperfusion ofischemic hearts ( 19, 20, 62, 63) . This concentration of oxygen radicals and its attendant toxic effect can be markedly ablated by administration ofSOD, deferoxamine, or hydroxyl radical scavengers (20, (62) (63) (64) . Thus, it is conceivable that superoxide-driven, iron-mediated inactivation of PAF acetylhydrolase by hydroxyl radicals may occur in this setting. In this respect, clinical data (65) show that plasma PAF acetylhydrolase activity is reduced in patients undergoing cardiac arrest and reperfusion during open-heart surgery, a condition likely to be associated with oxygen radical production (66, 67) .
The finding that oxygen radicals can inactivate PAF acetylhydrolase might have potentially important implications. As already pointed out, both PAF and oxygen radicals are produced by activated cells (e.g., neutrophils, macrophages, mast cells, and endothelial cells) in a variety of pathophysiological conditions. After the initial damage, tissue injury is maintained and amplified by several mechanisms, in which PAF and oxygen radicals can each play an important and independent role. However, the results of this study suggest that, in addition to inducing direct tissue damage in their own right, oxygen radicals might also potentiate the inflammatory effects of PAF secondary to inactivation of acetylhydrolase. Higher (and/or longer lasting) concentrations of PAF may then be expected to result in further accumulation and enhanced activation ofneutrophils and macrophages (4, 60) . As a consequence, additional PAF and oxygen radicals will be generated, thus providing the setting for possible amplification and perpetuation of the inflammatory reaction. The hypothesis that oxygen radicals might indirectly potentiate PAF toxicity may provide an explanation to recent observations. In a model of intestinal ischemia/reperfusion, Granger and associates (23, 24, 68) have shown that vascular damage is largely the consequence of PAF and oxygen radical production by activated neutrophils and resident phagocytic cells. Those effects were not independent ofeach other, as these authors demonstrated that PAF-induced increase in mucosal permeability was blunted by administration of oxygen radical scavengers (23, 24, 68) and that SOD reduced neutrophil adherence to the endothelium (23, 68) . To explain these findings, they postulated that superoxide radical production might have enhanced the effects of PAF (68) . Similar results have been obtained by other investigators (69) . Reperfusion ofthe ischemic heart might be another example. Here, too, the stage is set for production ofoxygen radicals and PAF upon reflow (19, 20, 70) , which is followed by marked influx of neutrophils (71). Of interest, it has been shown that PAF may propagate myocardial ischemic damage ( 13) and that hydrolysis by acetylhydrolase is the major route ofPAF degradation in the heart (72) . Another condition where oxygen radicals and PAF might potentiate the effects of each other is bronchial asthma. On the one hand, PAF is considered an important mediator of asthma (5, 10) . On the other hand, clinical and experimental studies link together increased oxygen radical production and enhanced bronchial constriction to various stimuli (25) (26) (27) , even though radicals apparently have no direct effects on bronchial tone (25) . It is possible that a similar interrelationship between oxygen radicals and PAF might also occur in other conditions. In this respect, it is noteworthy that SOD and other antioxidants may show antiinflammatory properties (73) (74) (75) (76) and,, conversely, that many antiinflammatory or antiallergy drugs have demonstrated oxygen radical-scavenging properties (76, 77) .
In conclusion, the results of the present study provide a biochemical basis for a possible interplay between PAF and oxygen radicals by documenting that acetylhydrolase, the enzyme that catabolizes PAF, can be inactivated by oxygen radicals. Oxygen radicals and PAF are both formed at the site of inflammation. PAF is known to stimulate several cell types, with further enhancement ofPAF production and oxygen radical formation. If this phenomenon were also accompanied by concomitant inactivation of acetylhydrolase, it would contribute to maintaining and amplifying the inflammatory effects of PAF.
